V entilator associated lung injury has been considered an important complication of mechanical ventilation in acute lung injury and acute respiratory distress syndrome (ARDS). Several studies have shown that the amplitude of cyclic changes in lung volume may be responsible for the development of edema through the generation of high shear forces between open and closed lung units in ARDS (1) (2) (3) . Furthermore, repetitive opening and closing of unstable lung units has been reported to activate pulmonary and systemic inflammatory mediators (4, 5) and to cause bacterial translocation from the lung to systemic circulation (6, 7) .
In theory, high positive end-expiratory pressure (PEEP)/low tidal volume strategies are proposed to avoid injurious cycles of closure and reopening because small tidal volumes limit high airway pressures and PEEP counterbalances the increased tendency for airway closure (8 -10) . The improvement in survival of patients with acute respiratory failure by using high levels of PEEP was first reported by Douglas and Downs (11) . In recent years, Amato et al. (10) demonstrated improved outcome by using a lung protective mechanical ventilation strategy with small tidal volume that also employed lung recruitment maneuvers plus PEEP levels set according to a pressure-volume curve to try to keep the recruited lung open. Beneficial effects of low tidal volume ventilation on minimizing ventilator associated lung injury and reducing mortality was supported by the study of the National Institutes of Health (12) . However, effects of recruitment maneuvers and high PEEP levels on ventilator associated lung injury and mortality rate were not further investigated in the randomized clinical studies using low tidal volumes in patients with ARDS (13) (14) (15) .
Recruitment maneuvers have been proven to be an effective way to achieve alveolar recruitment and improve oxygenation, not only in animal experiments but also in patients with ARDS (16 -18) . However, the most effective method of lung recruitment has not yet been determined. Intermittent sighs (17, 19) , episodic increases of PEEP (20) , and sustained inflation maneuvers that achieve total lung capacity (16, 21) have been used in different studies. Identification of the ideal level of PEEP sufficient enough to keep the lung open after a recruitment maneuver has also been questioned.
It has also been proposed that the ability of PEEP to keep re-expanded units open at end-expiration will depend on patient factors, including the cause and stage of disease. In a recent study, Gattinoni et al. (22) stated that the recruiting effect of PEEP was more remarkable when the underlying pathology is extrapulmonary and when interstitial edema and alveolar collapse is prevalent in the early phase of ARDS. However, in that study, measurements of lung and chest wall mechanics were not linked to gas exchange data.
The aim of our study was to investigate the effects of sustained inflation associated with a high postinflation PEEP on gas exchange and respiratory compliance in patients with extrapulmonary and pulmonary ARDS (ARDS exp and ARDS p , respectively). We hypothesized that our ventilatory strategy should provide a more prominent improvement in arterial oxygenation in ARDS caused by an indirect insult than ARDS caused by a direct insult (22) .
MATERIAL AND METHODS
Study Population. This investigation was approved by the Institutional Ethics Committee of Istanbul Medical Faculty, and informed consent was obtained from the next of kin of the patients before inclusion in the study. Patients who had pneumothorax, necrotizing pneumonitis, or structural chest wall abnormalities were not included in the study population.
A total of 24 consecutive patients with ARDS of varying pathogeneses were studied. All subjects were enrolled in the study within 24 hrs of onset of ARDS. The diagnosis of ARDS was based on the criteria proposed by the American-European Consensus Conference on ARDS (23): acute onset, presence of hypoxemia (PaO 2 /FIO 2 of Ͻ200, regardless of positive end expiratory pressure level), diffuse bilateral infiltrates seen on frontal chest radiograph, and absence of congestive heart failure.
Assignment of the patients to the pulmonary (n ϭ 11) and extrapulmonary (n ϭ 13) groups was based on history, clinical presentation, computed tomographic scans and microbiological tests. Assignment of a patient to an ARDS subgroup required the agreement of five intensive care unit physicians.
If the physicians did not reach an agreement on the pathogenesis of the lung insult, those patients were not included in the study. None of the ARDS p patients had positive blood cultures. Three of the ARDS exp patients who had positive airway secretion cultures also had positive blood cultures. We limited our study to the early phase (within 24 hrs) of the disease to rule out the overlap of two insults. Acute Physiology and Chronic Health Evaluation Score II (APACHE II), Multiple Organ Failure score, and the Lung Injury Score defined by Murray et al. (24) were recorded on the day of the study.
Baseline Ventilation. Patients were ventilated using a Servo 300 ventilator (SiemensElema, Solna, Sweden). Pressure-regulated volume-control ventilation with 7 mL/kg tidal volume, 12-15 breaths/min respiratory rate, and inspiratory/expiratory ratio of 1:2 was defined as baseline ventilation. PEEP levels were set according to the decision of the primary physician.
Sustained Inflation. Measurements. After the stabilization of ventilatory variables, arterial blood gas analyses were performed (ABL 700, Radiometer, Copenhagen, Denmark) and peak, mean, and plateau airway pressures were recorded from the ventilator at baseline and at 15 mins, 1 hr, 4 hrs, and 6 hrs after the recruitment maneuver. End-inspiratory hold maneuvers were performed to measure plateau airway pressure. Total PEEP (PEEP t ) was measured with an end-expiratory hold maneuver for 5 secs. Static lung compliance of the respiratory system (Cst) (Tidal volume/plateau airway pressure Ϫ PEEP t ) were also calculated. To minimize the airway pressure drops during aspiration of tracheal secretions, patients were connected to a closed aspiration system. If disconnections occurred, sustained inflation was repeated.
Statistical Analysis. Data are given as the mean Ϯ SD. Wilcoxon's test was used to compare hemodynamic, respiratory, and gas exchange variables between baseline measurements and measurements recorded after sustained inflation. Intergroup comparisons were made by Mann-Whitney U tests. Sex distribution was analyzed by using Fisher's exact test. Intragroup variations in hemodynamic, respiratory, and gas exchange variables over time were analyzed using Friedman's analysis of variance. A p value of Ͻ.05 was considered statistically significant.
RESULTS
Over the study period, 31 adult patients were diagnosed as having ARDS. Seven patients were excluded from the study because of pneumothorax (n ϭ 2), necrotizing pneumonitis (n ϭ 1), a time lapse of Ͼ24 hrs since onset of ARDS (n ϭ 2), and disagreement on the pathogenesis of lung insult (n ϭ 2).
Admission diagnosis and the clinical entry data are summarized in Table 1 . Lung Injury Score and APACHE II scores were similar, whereas, because of the design of the study, the Multiple Organ Failure score was found to be different between the groups (p ϭ .03). Tidal volumes ranged between 320 and 550 mL, with a mean value of 440 Ϯ 80 mL in ARDS p . In ARDS exp , tidal volumes ranged between 300 and 650 mL, with a mean value of 457 Ϯ 119 mL. The difference between tidal volumes were not significant (p ϭ .9). The mean respiratory frequency was 13 Ϯ 1.5 breaths/min in ARDS p and 13 Ϯ 0.9 breaths/min in ARDS exp (p ϭ .6).
Before the application of sustained inflation, baseline PEEP levels ranged between 5 Hemodynamic variables did not change significantly in either groups, except for central venous pressure, which had a statistically significant increase over time in ARDS exp (p ϭ .02) ( Table 2) . Airway pressures are given in Table 3 . Peak inspiratory pressure and mean and plateau airway pressures increased after application of PEEP in both groups. Cst, PaO 2 /FIO 2 ratio, FIO 2 , pH, and PaCO 2 values are shown in Table 4 . Baseline Cst values were found to be similar between the groups (p ϭ .7). Cst increased significantly in ARDS exp patients, whereas the change in ARDS p patients was not statistically significant. Cst increased in all of the patients in ARDS exp , whereas an increase in Cst was observed in four of the patients in ARDS p .
The PaO 2 /FIO 2 ratio improved in all of the patients, both in pulmonary and extrapulmonary ARDS groups (Fig. 1) . After sustained inflation, the PaO 2 /FIO 2 ratio increased to Ͼ200 in four ARDS p patients (36%) and in seven ARDS exp patients (54%). In two of those ARDS p patients, the PaO 2 /FIO 2 ratio was found to be Ͻ200, whereas none of the ARDS exp patients revealed PaO 2 /FIO 2 ratios of Ͻ200 at the 6-hr measurement. ARDS p patients who demonstrated an improvement in Cst were not the same as those who had the best responses in PaO 2 /FIO 2 ratio.
The decrease in FIO 2 was statistically significant in both ARDS forms. A further significant decrease in FIO 2 occurred over the 6 hrs after the recruitment maneuver (p ϭ .002 in ARDS p and p ϭ .0001 in ARDS exp ). FIO 2 was tapered in seven ARDS p patients (64%) and 11 ARDS exp patients (85%). PaCO 2 and pH did not reveal statistically significant changes in either group of patients.
No significant adverse effects occurred, and sustained inflations were well tolerated. The 30-sec sustained inflation was completed in all patients. We observed bradycardia in two ARDS p patients and in one ARDS exp patient, which did not cause a decrease in mean arterial pressure of Ͼ20% of baseline values and resolved spontaneously after the inflation was terminated. Barotrauma was not observed in any of the patients.
DISCUSSION
The major finding of our study is that a sustained inflation of 45 cm H 2 O for 30 secs and application of a postinflation PEEP of approximately 16 cm H 2 O can improve arterial oxygenation in ARDS of both pulmonary and extrapulmonary origin. We observed that static respiratory compliance increased only in patients with ARDS exp in response to our ventilation strategy.
Sustained Inflation and Gas Exchange. The concept of recruiting the lungs and preventing alveolar instability and derecruitment is a well-accepted ventilatory strategy in ARDS. Various forms of recruitment maneuvers have been established in human or animal subjects (10, 17, 18, (25) (26) (27) . Based on these data, sustained inflation within the range of 30 -45 cm H 2 O applied for 15-30 secs have been found effective in improving oxygenation and pulmonary mechanics by recruitment of collapsed alveolar units. However, the adequate pressure level and the duration of sustained inflations have not been settled yet. In our
It was previously shown that lung recruitability might be influenced by the nature of the lung insult itself. Gattinoni et al. (22) proposed that patients with ARDS p had substantial lung consolidation with minimal recruitment with PEEP. Patients with ARDS exp , on the other hand, had alveolar edema and atelectasis that was more responsive to recruitment with PEEP. Pelosi et al. (17) also stated that the potential for sighinduced lung recruitment was different between ARDS p and ARDS exp . The increase in arterial oxygen tension and the decrease in venous admixture were approximately 35 and 55 mm Hg and 3% and 18% in ARDS p and ARDS exp , respectively, in that study. The authors concluded that ARDS exp seemed to be more responsive to sighs.
The difference in the nature of two different types of ARDS was also illustrated by the results of the present study. Patients with ARDS exp demonstrated favorable arterial oxygenation and respiratory compliance responses to sustained inflation. However, patients with ARDS p did not show an improvement in respiratory compliance. Interestingly, although the increases were less striking than in ARDS exp patients, mean PaO 2 /FIO 2 ratios of ARDS p patients increased significantly after sustained inflation. Patients with ARDS p who had the best responses in PaO 2 /FIO 2 ratio were not the same as those who demonstrated an improvement in respiratory compliance. This finding supports the role of mechanisms in addition to lung recruitment in the improvement of gas exchange induced by PEEP. As mentioned previously, redistribution of pulmonary blood flow can account, at least in part, for changes in arterial oxygenation without a significant change in lung mechanics (28, 29) . The decrease in blood flow to shunt regions as a consequence of a general reduction in cardiac output (30, 31) has also been considered as a mechanism improving gas exchange. In our study conditions, we also speculate that the recruitment of atelectatic regions surrounding the consolidated areas in patients with ARDS p could also play a role in the improvement of arterial oxygenation, at least in certain cases.
PEEP Selection and Derecruitment. Although recruitment maneuvers are intended to open collapsed lung units, Kolton et al. (32) . However, the criterion for the selection of this "open-lung" PEEP remains to be determined. In a recent study, the beneficial effects of an inflation pressure of 30 -45 cm H 2 O was noted to be lost during the 4-hr follow-up in 28% of the patients. This was reported to be the result of using a PEEP level insufficient to maintain recruitment (18) . Fujino et al. (19) reported that repetitive high-pressure recruitment maneuvers would have been unnecessary if the lung had been kept recruited by using 20 cm H 2 O PEEP between the maneuvers.
In the present study, the PEEP that would most likely hold the recruited units open, providing satisfactory oxygenation, was defined to be the postinflation PEEP. The postinflation PEEP was determined with stepwise decrements, starting from a level of 20 cm H 2 O PEEP. During this decremental PEEP selection, our goal was to achieve an acceptable oxygenation while maintaining peak alveolar pressures at Ͻ45 cm H 2 O. The PEEP values that we applied after sustained inflation were slightly higher than PEEP values used in the study of Pelosi et al. (17) and quite similar to the PEEP used in study by Amato et al (8) . Inasmuch as oxygenation increases were sustained over the 6 hr period, our data provide support for the use of oxygenation as a surrogate bedside monitor of the ability of a selected PEEP level to maintain alveolar recruitment after a sustained inflation maneuver.
Pelosi et al. (17) used "trial" PEEP (14 Ϯ 2 cm H 2 O), which was selected according to arterial oxygenation in patients with ARDS, and observed that the improvement in both gas exchange and mechanical changes induced by sighing returned to baseline within 30 mins after interruption of sighing. They suggested that derecruitment occurred mainly as a function of resorption atelectasis and lack of adequate PEEP levels. In contrast, in our study, gas exchange was maintained and actually continued to improve over the 6-hr period after recruitment. Because derecruitment may occur as a consequence of gas resorption, the composition of inspired gas will play a role in maintaining the recruitment effect (33) . In our study, the inspired oxygen concentration was tapered in accordance with the individual response of oxygenation to the ventilatory strategy. The maintenance of the satisfactory gas exchange may be attributed to the relatively high PEEP levels, combined with decreasing FIO 2 levels.
In the present study, relatively low tidal volumes were kept constant throughout the follow-up period. It was previously shown that the use of low tidal volumes could induce a progressive decrease in compliance, indicating a timedependent derecruitment, which could be counterbalanced with higher levels of ANOVA, analysis of variance; P peak , peak airway pressure; ARDS, acute respiratory distress syndrome; ARDS p , pulmonary ARDS; ARDS exp , extrapulmonary ARDS; Pmean, mean airway pressure; Pplateau, plateau airway pressure; Cst, static compliance. Data are expressed as mean Ϯ SD. PEEP (34, 35) . It is difficult to ascertain whether the maintenance of recruitment was an effect of the increased plateau pressures or high postinflation PEEP levels preventing end-expiratory collapse. In two recent studies, it was demonstrated that both end-inspiratory and expiratory pressures influence the amount of endexpiratory lung collapse in clinical (36) and experimental conditions (37) .
Our data may be questioned for the method of postinflation PEEP selection. In animal models, ventilatory-induced lung injury is greatly reduced by setting the PEEP level slightly higher than the lower inflection point of the pressurevolume curve and using an appropriate tidal volume to avoid overdistension (38) . This strategy has also been used in patients with ARDS, and promising results have been reported (10, 39) . However, the best method of determining the level of PEEP needed to prevent end-expiratory collapse has been questioned in recent years. Several studies suggest that setting PEEP based on the lower inflection point of the inflation pressure-volume curve does not prevent derecruitment of the lung (17, 40 -42) . In the study of Pelosi et al. (17) , derecruitment occurred even with the clinically selected trial PEEP that was found to be higher than the lower inflection point PEEP.
In a mathematical model of ARDS, Hickling (40) reported that the maximum pressure-volume slope during a decremental PEEP trial after a recruitment maneuver could be a useful approach to select open-lung PEEP. In a decremental PEEP trial, Maggiore et al. (42) showed that 5 cm H 2 O PEEP decrements were too large because major alveolar derecruitment was evident even at high baseline PEEP levels of 15 or 20 cm H 2 O. They demonstrated that alveolar closure occurs over a wide range of pressures, and the lower inflection point is a poor predictor of closing pressure. We therefore preferred to set the postinflation PEEP by stepwise decrements of 1 cm H 2 O in accordance with peripheral oxygen saturation, which proved a very easy technique to apply at the bedside.
Static Respiratory Compliance. As it was noted previously, an increase in respiratory compliance is a reliable predictor of recruitment of collapsed lung units, whereas a decrease in compliance occurs as a result of excessive hyperinflation (43) . In our study, we observed a consistent increase in respiratory compliance in all of the patients with ARDS exp , indicating the recruitment of previously unventilated airspaces by sustained inflation. Maintenance of this increase in respiratory compliance should be the consequence of using a postinflation PEEP level of 16.7 Ϯ 2.3 cm H 2 O in the follow-up period. In contrast, respiratory compliance was unaltered or decreased in most of the patients with ARDS p in response to our ventilation strategy. Because the compliance of the respiratory system was not partitioned in our study, it is difficult to ascertain which component of the respiratory system was responsible for the difference between two groups of patients. Despite this limitation, it can be stated that sustained inflation had a different mechanical impact on the lungs in the ARDS p and ARDS exp patients. This finding has been previously supported by Gattinoni et al. (22) , who demonstrated opposite responses in lung mechanics of patients with ARDS p and ARDS exp to increasing levels of PEEP in a study that did not involve recruitment maneuvers. In that study, increase in the lung component of the respiratory system elastance in patients with pulmonary ARDS by using PEEP levels up to 15 cm H 2 O was explained by the stretching phenomena. Worsening of respiratory system compliance in our study might indicate overdistention of already open alveoli in some of the patients with ARDS of pulmonary origin; however, arterial oxygen and CO 2 levels in those patients did not support this consideration. A possible explanation of this conflict could be the improvement in ventilation/perfusion mismatch, which might be induced by regional differences in lung recruitment.
Limitations. In our study, there are some limitations that should be noted. A limited number of patients in our study population had pulmonary artery catheters. Measurement of changes in cardiac output and pulmonary shunt would have enabled us to assess the contributions of changes in pulmonary flow and in lung recruitment. Static respiratory system compliance was not partitioned in our study. Measuring chest wall and lung compliance would be more informative in determining which component of the respiratory system compliance changed in ARDS exp and ARDS p patients. Moreover, measurement of lung volumes would also be helpful in interpretation of the effects of our ventilation strategy on lung recruitment and derecruitment. However, one strength of our methodology is that it demonstrates an approach to the achievement and maintenance of alveolar recruitment that requires only standard intensive care unit equipment used appropriately at the bedside.
During postinflation PEEP selection, PEEP was reduced until peripheral oxygen saturation started to fall below the value that was achieved after sustained inflation. If we had performed a second sustained inflation maneuver and then set postinflation PEEP to next to the last value, even larger improvements in PaO 2 / FIO 2 may have been observed. In conclusion, this study demonstrated the successful use of high-pressure recruitment maneuver and relatively high levels of postinflation PEEP to provide an improvement in arterial oxygenation in both pulmonary and extrapulmonary ARDS.
